A radio frequency quadrupole decelerator and achromatic momentum analyzer were used to decelerate antiprotons and produce p 4 He and p 3 He atoms in ultra-low-density targets, where collision-induced shifts of the atomic transition frequencies were negligible. The frequencies at near-vacuo conditions were measured by laser spectroscopy to fractional precisions of 6-19 10 ÿ8 . By comparing these with QED calculations and the antiproton cyclotron frequency, we set a new limit of 1 10 ÿ8 on possible differences between the antiproton and proton charges and masses. DOI: 10.1103/PhysRevLett.91.123401 PACS numbers: 36.10.-k, 14.20.Dh, 32.70.Jz Recently, we measured some transition frequencies in antiprotonic 4 He atoms [1] (p 4 He e ÿ ÿ p ÿ 4 He 2 ) to sub-ppm precision [2] at the Antiproton Decelerator (AD) of CERN. By comparing these with three-body QED calculations and using the measured value of the antiproton cyclotron frequency [3], a 60-ppb limit was obtained for the possible differences p between the antiproton and proton charges and masses. Any such difference, however small, would imply CPT violation, i.e., that physical laws are not perfectly invariant under a combined transformation of charge conjugation, parity, and time reversal [4] . The precision of the experiment [2] was limited by the high density of the cryogenic helium targets (atomic density 10 21 cm ÿ3 , corresponding to pressures p 10-200 bars at room temperature) used to stop the 5.3-MeV antiproton beam and produce these atoms. The p 4 He underwent many collisions with helium atoms, resulting in large shifts [1, 2, 5] in the transition frequencies. We here report on new laser spectroscopy measurements at ultralow target densities of 10 17 cm ÿ3 , some 10 4 times lower than those previously used. These experiments were made possible by a radio frequency quadrupole decelerator (RFQD, Fig. 1) [6] , which decelerated the 5.3-MeV antiprotons used previously [2] to energies E 10-120 keV. The collisional shifts thus became negligible (jj 1 MHz) compared to the natural widths of the transitions, so that the observed frequencies were effectively in vacuo. We also extended our high-precision studies to the isotope p 3 He , and to transitions which could not be observed at high densities, thus increasing the number of measured frequencies with small natural widths (ÿ < 50 MHz) from 4 [2] to 13.
Recently, we measured some transition frequencies in antiprotonic 4 He atoms [1] (p 4 He e ÿ ÿ p ÿ 4 He 2 ) to sub-ppm precision [2] at the Antiproton Decelerator (AD) of CERN. By comparing these with three-body QED calculations and using the measured value of the antiproton cyclotron frequency [3] , a 60-ppb limit was obtained for the possible differences p between the antiproton and proton charges and masses. Any such difference, however small, would imply CPT violation, i.e., that physical laws are not perfectly invariant under a combined transformation of charge conjugation, parity, and time reversal [4] . The precision of the experiment [2] was limited by the high density of the cryogenic helium targets (atomic density 10 21 cm ÿ3 , corresponding to pressures p 10-200 bars at room temperature) used to stop the 5.3-MeV antiproton beam and produce these atoms. The p 4 He underwent many collisions with helium atoms, resulting in large shifts [1, 2, 5] in the transition frequencies. We here report on new laser spectroscopy measurements at ultralow target densities of 10 17 cm ÿ3 , some 10 4 times lower than those previously used. These experiments were made possible by a radio frequency quadrupole decelerator (RFQD, Fig. 1 ) [6] , which decelerated the 5.3-MeV antiprotons used previously [2] to energies E 10-120 keV. The collisional shifts thus became negligible (jj 1 MHz) compared to the natural widths of the transitions, so that the observed frequencies were effectively in vacuo. We also extended our high-precision studies to the isotope p 3 He , and to transitions which could not be observed at high densities, thus increasing the number of measured frequencies with small natural widths (ÿ < 50 MHz) from 4 [2] to 13.
In these experiments, laser pulses induced antiproton transitions from metastable pHe states ( Fig. 2 ) with large principal (n 38) and angular momentum (' n) quantum numbers, to states with short Auger lifetimes [1] . The two-body pHe 2 ions formed after Auger emission suffered collisional Stark effects, which caused the rapid annihilation of the antiproton in the helium nucleus. The resulting spike in the rate of annihilations signaled the transition frequency. In previous experiments made at higher densities, collisions produced large frequency shifts (jj 0:5-5:0 GHz) which were of the order of 10 ÿ6 -10 ÿ5 of the measured transition frequencies . The frequencies 0 for an isolated atom therefore had to be inferred by measuring transitions at several target densities and assuming a linear extrapolation to 0. The justification for this, however, was unclear due to the absence of data below 3 10 20 cm ÿ3 . In fact, the extrapolated value 0 for the transition with the largest density shift [n; ' 39; 35 ! 38; 34 at wavelength 597:3 nm] disagreed with theoretical values by 5-7 10 ÿ7 [2] . Moreover, some transitions could not be observed; it was assumed that collisions destroy the antiprotonic populations in the associated states [2, 7] . In the present experiment ( Fig. 1 ), the AD produced a 100-ns-long pulsed beam containing 3 10 7 antiprotons at a repetition rate f 0:01 Hz. A radio frequency bunching cavity shaped the pulse into a train of 20 micropulses, each 0.3 ns long with a separation t 5 ns. These entered the RFQD, which consisted of a 3.5-mlong, four-rod electrode structure producing an average decelerating field E 2 MV=m at frequency f 202:5 MHz. Some 30% of the antiprotons were emitted with energy E 65 keV, energy spread E 10 keV, and angular divergence 30
; the remaining 70% emerged with little or no deceleration. The output energy could be varied between E 10 and 120 keV by biasing the electrodes of the RFQD with a dc potential. An energy-correcting cavity at the input of the RFQD was used to compensate for the changes in the energy of the incident beam resulting from this biasing and variations in the energy of the antiprotons extracted from the AD. The decelerated antiprotons were diverted by an achromatic momentum analyzer connected to the output of the RFQD and focused into a 10-mm-diam spot at the entrance of the experimental target; this diversion eliminated the large background that the undecelerated antiprotons would have otherwise produced. The analyzer consisted of two dipole magnets which bent the beam twice at an angle 20
, three 1-T solenoids which focused it, and three quadrupole magnets which transferred the focal plane at the RFQD exit to the position of the target. Iron shields prevented magnetic fields from entering the target. The spatial profiles of antiproton pulses along the beam line were measured nondestructively by microwire secondary electron emission detectors.
The target was a 150-mm-diam, 300-mm-long cylindrical chamber filled with 4 He (purity 99.999 9%) or 3 He (99.997%) gas, at pressures p 0:7-2 mb and temperatures T 12-30 K. The antiprotons entered through a 0.8-m-thick polyethylene window mounted on one end of the chamber. Differential pumping removed the helium permeating through the thin window, thus maintaining a vacuum better than p 10 ÿ8 mb in the RFQD. The stopped antiprotons formed pHe atoms filling the entire volume of the chamber, and these were irradiated by a 50-mm-diam laser beam entering through a fused silica window. Charged pions emerging from the annihilations produced Cherenkov light in acrylic plates. By detecting this light envelope using a photomultiplier [8] , delayed annihilation time spectra (the distribution of the number of antiproton annihilations, as a function of time elapsed since pHe formation) were observed.
A Nd:YAG-pumped dye laser produced 4 -6-ns-long laser pulses with wavelengths 264-726 nm and power densities P 0:1-3 mJ=cm 2 . Annihilation spikes could be induced on the delayed annihilation time spectrum at any time t 0:3-15 s after formation [ Fig. 3(a) ]. The wavelength of each laser pulse was measured by a Fizeau wavelength meter and confocal etalon, and laser pulses with bandwidths exceeding 0:6 GHz (typically half of them) were rejected. During the 100-s intervals between antiproton arrivals, the wavelengths were calibrated against iodine [9] and tellurium [10] lines measured by absorption spectroscopy, or neon [11] and argon [12] lines measured by optogalvanic spectroscopy.
At the ultralow target densities used here, p 4 He [ Fig. 3(a) ] and p 3 He had average lifetimes greater than avg 5 s and 4 s, respectively, which are 1-2 s longer than the values measured previously [1, 7] . The p 4 He transition 32; 31 ! 31; 30 at 264.7 nm could not be detected in previous experiments [2] , because the resonant parent state was found to have a 
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lifetime [ 32;31 8 1 ns] 2 orders of magnitude shorter than the theoretically expected value. Assuming that this discrepancy was caused by high-frequency collisions destroying the population in 32; 31 [7] , we expected that the state would recover its metastability at the low ( 5 10 17 cm ÿ3 ) densities of the present experiment, thus allowing us to detect the transition. Indeed, it was observed [ Fig. 3(b) ]. On the other hand, the adjacent transition 33; 32 ! 32; 31 at 296.1 nm which was detected at higher densities [2] could no longer be observed as both parent and daughter states became long-lived, and the present detection method requires at least one of these to proceed rapidly to antiproton annihilation.
In Fig. 4(a) , the resonance profile of the p 3 He transition 36; 34 ! 37; 33 at 723.9 nm is shown. The twopeak structure is the hyperfine splitting arising from the interaction between the orbital angular momentum of the antiproton and the electronic spin. The measured spacing HFS 1:8 0:1 GHz between the peaks agreed with theoretical calculations [13] . In Fig. 4(b) , the profile of the transition 34; 33 ! 35; 32 at 525.5 nm is shown, with a hyperfine splitting HFS 1:6 0:1 GHz. Because of the spin interactions between the electron, antiproton, and 3 He nucleus, the profile is theoretically expected to be a superposition of eight partially overlapping peaks, the calculated positions of which are shown by arrows. The uneven spacings among the peaks causes a slight asymmetry in the profile as indeed seen in the figure. Possible errors in the determination of the resonance centroid due to this asymmetry were minimized by fitting the profile with four Voigt functions (solid lines), superimposed on each other and separated by the theoretical splittings. The resonances were 1-3 GHz wide, including contributions from the hyperfine structure, Doppler broadening, and laser linewidth. The experimental accuracy was limited by statistical and systematic fluctuations in the signal intensities which varied between 20 and 200 MHz depending on the transition and the 20 -50-MHz accuracy of the laser frequency calibration.
The transition frequencies exp in isolated pHe atoms were thus directly measured (Table I ). An exception was the p 4 He transition 33; 32 ! 32; 31 at 296.1 nm, which could not be observed as described above; we instead show data measured at higher densities [2] . The lower-lying p 3 He transitions 34; 33 ! 35; 32 at 525.5 nm, 34; 32 ! 33; 31 at 364.4 nm, and 32; 31 ! 31; 30 at 287.4 nm had very small frequency shifts [5] , and so data measured at both ultralow and higher densities between 10 17 and 10 21 cm ÿ3 were used to derive the final result. Experimental precisions of 6-19 10 ÿ8 were obtained, the highest being for the p 4 He transition 35; 33 ! 34; 32 at 372.6 nm. In Fig. 5 , the frequencies are compared with the results th of theoretical calculations [13] [14] [15] [16] [17] , which include QED and finite nuclear-size effects. These claim an accuracy of 10 ÿ8 -10 ÿ7 , limited by uncertainties in the three-body wave functions of states with large (ÿ > 10 MHz) Auger widths; by using the complex coordinate rotation method [16, 17] , the precision has been improved compared to previous values [15] tabulated in Ref. [2] . In previous experiments [2] , a theory-experiment difference of j th ÿ exp = exp j 5-7 10 ÿ7 was observed in the p 4 He transition 39; 35 ! 38; 34 at 597.3 nm; as a result of these experimental and theoretical improvements, the difference has now been reduced to <8 10 ÿ8 . By comparing the experimental and theoretical frequencies, a new upper limit p was set on the possible difference between the antiprotonic charge (Q p ) and mass (M p ) and those for the proton (Q p , M p ). Following the method described in Refs. [1, 2, 18] , we used the transition frequencies (which have a scale of the antiprotonic Rydberg constant R p / M p Q 2 p ) and the cyclotron frequency (! p / Q p B=M p ) measured in Penning traps [3] . The limit p was deduced from the equation
where th is, for a given measured frequency exp , the average of the two sets of theoretical values shown in Table I . Values for f were estimated [16] by changing the values of the antiproton charge and mass by 1 ppm under the constraint on ! p of 9 10 ÿ11 [3] , and noting the change (2.5-6.1 ppm) in the calculated value th . The p 4 He transition 37; 35 ! 38; 34 at 726.1 nm yielded an especially strong constraint on p of 4 10 10 ÿ9 . By averaging over all 13 transitions, we obtained a mean value [ p ÿ3 7 10 ÿ9 ] which was consistent with zero. From this we deduced that the antiproton charge and mass are in agreement with the proton's to a precision of 1 10 ÿ8 at a confidence level of 90%. Further progress requires improvements in both the experimental precision and QED calculations of pHe , which now have similar errors. Comparisons between experimental exp (filled circles with errors) and theoretical th (squares [17] and triangles [13] ) transition frequencies of antiprotonic helium.
